Abstract: Partial sequences of mitochondrial COI and nuclear EF-1α genes have been analysed across the Lithuanian samples of Rhopalosiphum padi and R. nymphaeae (Hemiptera: Aphididae). In addition, samples from the adjacent countries of the Eastern Baltic region of Europe (Latvia, Estonia and Poland) and available sequences from GenBank and Bold Systems were used. The range of intraspecific pairwise R. padi COI sample (n = 44) divergences (K2P model) was 0.00-2.49% (average 0.61%). Out of 10 haplotypes, one was predominant (n = 25), with Worldwide distribution. The range of intraspecific pairwise R. nymphaeae COI sample (n = 20) divergences (K2P model) was 0.00-1.31% (average 0.22%). Out of 6 haplotypes, one was predominant (n = 13), sampled in Lithuania, Ukraine and Turkey (Asian part). The range of intraspecific pairwise sample divergences (K2P model) of EF-1α fragment was 0.00-0.40% (average 0.10%) for R. padi (n = 20) and 0.00-0.60% (average 0.13%) for R. nymphaeae (n = 17). Two COI haplotypes (including the Worldwide distributed one) and three EF-1α haplotypes (including the most common one) were detected in Lithuanian populations of R. padi. The present study suggests that R. padi populations from the Eastern Baltic region are predominantly holocyclic.
Introduction
The aphid genus Rhopalosiphum Koch, 1854 comprises 20 species worldwide (Remaudiére & Remaudiére 1997; Holman 2009; Favret 2014) . For the present, eight species of this genus are registered in Europe (Nieto Nafria et al. 2004) , five of them, Rhopalosiphum insertum (Walker, 1849), Rhopalosiphum nymphaeae (L., 1761), Rhopalosiphum padi (L., 1758), Rhopalosiphum maidis (Fitch, 1856) , and Rhopalosiphum rufulum Richards, 1960, are reported from Lithuania (Rakauskas et al. 1992; Nieto Nafria et al. 2004 ). Out of these R. padi appears to be the most important both from commercial and scientific viewpoints. It is a heteroecious polyphagous aphid species exploiting many Poaceae plant species, including most cereal crops and many pasture grasses, as summer host plants (van Emden & Harrington 2007) . The principal winter host plant of this species is the bird cherry tree, Prunus padus L., where mating and egg-laying occur in autumn (Dixon 1971) . R. padi was also reported from other species of Prunus (for detailed host plant records see Holman 2009 ). In agriculture, R. padi is considered as a principal pest species, both due to direct damage and virus transmission (Plumb 1983; Leather et al. 1989 ). Due to this, life cycle, host specificity and potential harmfulness of R. padi have been the subject of intensive studies (Wickerman & Wratten 1979; Leather & Dixon 1981; Pike & Schaffner 1985; Wiktelius & Chiverton 1985; Tatchell et al. 1988; Simon et al. 1994; Ruszkowska 2002) . From the scientific viewpoint, due to coexisting sexual and asexual populations, R. padi serves as an important model when studying the evolution of life-history traits (Hulle et al. 1999; Delmotte et al. 2003; Carter et al. 2012 ) and sympatric speciation (Halkett et al. 2008; Ollivier et al. 2012 ). Nonetheless, the species level classification of R. padi has not been satisfactorily resolved yet, the same as that of the genus Rhopalosiphum in general (Bulman et al. 2005; Valenzuela et al. 2009) .
R. nymphaeae is also a heteroecious polyphagous aphid having Prunus species as winter hosts and inhabiting numerous wetland and water-dwelling plant species in summer. Its host list includes species of 45 plant families (Holman 2009 ). It has been reported as a pest (Hance et al. 1994 ), but has also been used to control water weeds in California (Oraze & Grigarick 1992) . R. nymphaeae is much less studied when compared with R. padi (for brief account, see Blackman & Eastop 2006) .
In Lithuania, both R. padi and R. nymphaeae are common (Rakauskas & Cichocka 2005; Kudirkaitė-Akulienė & Rakauskas 2009; Rakauskas & Trukšinaitė 2011 ; for earlier references see Rakauskas et al. 1992) . R. padi is an important pest aphid species on cultivated cereals in Lithuania, its summer generations being subject of intense plant protection measures (Surkus 1997; Smatas 2006; Smatas et al. 2008) . R. nymphaeae, al-though listed as pest species of stone fruit production, has not been targeted for special plant protection measures yet (Rakauskas & Cichocka 2005) . For the present, there is no available information concerning molecular variation of both species in Lithuania and entire Eastern Baltic region. R. padi and R. nymphaeae partial sequences of mitochondrial COI and nuclear EF-1α are used mainly in phylogenetic studies (von Dohlen & Teulon 2003; Kim & Lee 2008; Kim et al. 2011) or are the part of Barcoding Life project, as in case of COI fragment, where inter-and intraspecific sequence divergences are also evaluated (Foottit et al. 2008; Lee et al. 2011) .
In this study partial sequences of mitochondrial COI and nuclear EF-1α genes were used to investigate genetic diversity of R. padi and R. nymphaeae in Lithuania and the entire Eastern Baltic region.
Material and methods
Thirteen population samples of R. padi aphids from Lithuania were collected in 2004-2013, from host plant species of economic importance in agriculture (cultivated cereals), also horticulture and arboriculture (Prunus spp.), together with additional samples from Eastern Baltic region (Table 1). Twelve population samples of R. nymphaeae from Lithuania were collected in 2004-2013 from winter host plant species (Prunus spp.), together with additional samples from Poland, Ukraine, and Asian part of Turkey (Table 1). Keys of Stroyan (1984) , Heie (1986) , Blackman & Eastop (2000 , 2006 were used for the morphological identification of samples mounted in Canada balsam (Blackman & Eastop 1984) .
For molecular analysis, a single aphid individual from one sampled plant was considered as a unique sample. Total genomic DNA was extracted from a single aphid using the DNeasy Blood & Tissue kit (Qiagen), which involved at least a 2 h digestion of tissue with proteinase K. Partial sequences of mitochondrial COI gene were PCR-amplified using the primers LCO1490 and HCO2198 (Folmer et al. 1994) .
For the amplification of EF-1α fragment earlier published primers Eloaphis-F and Eloaphis-R (Turčinavičienė et al. 2006) were used.
PCR amplification was carried out in a thermal cycler (Eppendorf) in 50 µl volumes containing 2 µl genomic DNA, 5 µl of each primer (10 µM), 5 µl of PCR-reaction buffer, 5 µl of dNTP mix (2 mM each), 8 µl of 25 mM MgCl2 • C for 30" (32 cycles in total), and a final extension for 5 min. PCR products were purified and sequenced at Macrogen Europe (Amsterdam, the Netherlands) and Institute of Biotechnology of the Vilnius University (Vilnius, Lithuania).
The amplification primers were also used as sequencing primers. DNA sequences for each specimen were confirmed with both sense and anti-sense strands and aligned in the BioEdit Sequence Alignment Editor (Hall 1999). Partial sequences of mitochondrial COI were tested for stop codons and none were found. The sequence data have been submitted to the GenBank, accession numbers are given in Table 1 . In addition, available partial sequences of mitochondrial COI (26 of R. padi and 4 of R. nymphaeae) and nuclear EF-1α (2 of R. padi and 1 of R. nymphaeae) were downloaded from GenBank and BOLD Systems. Sequences referred as Rhopalosiphum sp. were also checked and those identical to R. padi and R. nymphaeae were included in analysis. To avoid any discrepancies when analyzing data, sequences of both fragments were aligned and those matching partial sequences obtained from samples collected during this study were selected for further procedures. Thus, publicly available 28 partial sequences of mitochondrial COI and 5 partial sequences of EF-1α were also included into analysis (Table 2 ). For sequences from GenBank geographic origin of samples and their host plants were revealed by referring to publications. When reference data were not available, information on the sequence submission was used. For sequences from BOLD Systems sample information was taken from the sequence labels. Phylogenetic analyses with sequences of Aphis pomi de Geer, 1773 and A. spiraecola Patch, 1914 as outgroup species included Neighbor joining (NJ), Maximum parsimony (MP), Maximum likelihood (ML) and Bayesian inference in phylogeny (BI). NJ, MP and ML analyses were performed using MEGA 5 (Tamura et al. 2011) . For NJ and distance analyses Kimura 2-parameter (K2P) model of base substitution was used. Bootstrap values for NJ, MP and ML trees were generated from 1000 replicates. ML analysis was performed using Tamura 3-parameter model with Gamma distribution (T92+G) for COI and Tamura 3-parameter model (T92) for EF-1α, which were selected by MEGA 5 model selection option (Tamura et al. 2011) . Bayesian analysis was conducted in MrBayes 3.2.1 (Ronquist & Huelsenbeck 2003) using Hasegawa-Kishino-Yano model with Invariable sites (HKY+I) for COI and General Time Reversible model with Gamma distribution (GTR+G) for EF-1α, which were selected by jModeltest (Posada 2008) . One run for 2 000 000 generations with tree sampling every 1000 generations was performed using the coalescence model of molecular clock. In this model, the tree generating process is looked at from the opposite perspective, backward in time, and instead of lineages branching, it sees them as coalescing into fewer and fewer ancestral lineages (Ronquist et al. 2005) .
The topologies obtained by NJ, MP, ML and BI were similar, so only BI tree is shown with values of NJ/MP and ML/BI bootstrap support and posterior probabilities over 50% indicated above and below branches respectively.
Statistical parsimony networks with 95% implemented connection limit were constructed using TCS v 1.21 (Clement et al. 2000) . For analysis of partial COI sequences gaps were treated as missing data, while for EF-1α fragment gaps were treated as 5th state.
Results

Partial sequences of mitochondrial COI gene COI alignment statistics
The alignment of COI fragment contained 619 sites, out of them 64 variable sites, 51 parsimony informative. Average nucleotide composition was T -41.1%, C -14.5%, A -34.5%, G -9.9%. The overall transition/transversion bias was R = 18.117. The range of the intraspecific pairwise sample divergences (K2P model) were 0.00-2.49% (average 0.61%) for R. padi and 0.00-1.31% (average 0.22%) for R. nymphaeae. Interspecific pairwise sample divergences between these two species ranged from 7.16-9.71% (average 7.98%).
R. padi COI haplotypes and their geographic origin
Out of 44 analyzed partial COI sequences of R. padi, ten haplotypes were detected after the construction of networks based on statistical parsimony (Fig. 1) . The number of COI haplotype, sequence length and sample or sequence numbers are given in Table 3 ; details on sample data (country, host plant and collection date) are given in Tables 1 and 2 . Most of the samples (n = 25) collected in Lithuania (n = 11) and Latvia (n = 3) had the same COI haplotype (No. 5) as other 11 sequences from the GenBank and BOLD Systems originating from Canada (n = 7), USA (n = 2), Australia (n = 1) and Finland (n = 1) (Tables 1-3, Fig. 1 ). COI haplotype No. 2 detected in samples from Lithuania (n = 2) was also recorded in Australia (n = 1) and New Zealand (n = 1). COI haplotype No. 6 was represented by 6 sequences of R. padi including samples from India (n = 3), Korea (n = 1), New Zealand (n = 1) and Australia (n = 1). COI haplotype No. 4 was detected only in samples originating from China (n = 3). Remaining COI haplotypes were unique for Estonia (haplotype 
R. padi COI haplotypes and host plants
Out of 44 partial COI sequences, host plant information was available for 30 of them (Tables 1, 2) . The most abundant COI haplotype No. 5 (n = 25) was represented by samples collected from both Prunus spp. (n = 9) and cultivated cereals (n = 7), one sample was from Musa sp. Eight sequences lacked host plant infor- Clement et al. 2000) for COI fragment (619 positions in final set, 95% connection limit, gaps treated as missing data) haplotypes of R. nymphaeae. The haplotype with the highest outgroup probability is displayed as a square, while others are displayed as ovals. For sample information, see Tables 1-3 . AU -Australia, CN -China, KR -Korea, LT -Lithuania, PL -Poland, TR -Turkey, UA -Ukraine, US -United States of America.
mation. Out of four unique COI haplotypes two were collected from Prunus spp. (Nos 1 and 10) and twofrom Poaceae (Nos 7 and 9). COI haplotype No. 6 was collected from Poaceae (n = 1), five sequences lacked host plant information. COI haplotype No. 2 was collected from Prunus spp. (n = 2), two sequences lacked host plant information. COI haplotype No. 4 appeared unique for samples from Rosaceae in China (n = 3). R. nymphaeae COI haplotypes and their geographic origin Out of 20 available COI sequences of R. nymphaeae, six haplotypes were detected after the construction of networks based on statistical parsimony (Fig. 2) . The number of COI haplotype, sequence length and sample or sequence numbers are given in Table 3 , details on sample data (country, host plant and date) are given in Tables 1 and 2 . COI haplotype No. 1 consisted of samples from Korea (n = 1), USA (n = 1) and China (n = 1). The latter sample is attributed in GenBank as R. rufiabdominale, however, it turned out to be identical to other sequences of R. nymphaeae. Most of the samples from Lithuania (n = 11), Turkey (n = 1) and Ukraine (n = 1) had the same COI haplotype (No. 3) (Tables 1-3, Fig. 2 
COI phylogenetic trees
The maximum parsimony (MP) analysis of partial COI sequences resulted in 992 equally parsimonious trees (length = 130, CI = 0.81, RI = 0.98). ML tree (T92+G model) showed similar topology, the same as NJ analysis (K2P distances) and BI (HKY+I model) analyses. NJ, MP and ML bootstrap values over 50% together with BI posterior probabilities over 0.50 are given at respective nodes of the same tree in Fig. 3 . Some R. padi sequences of Asian and Australian origin formed a separate cluster in phylogenetic trees constructed by different methods. They also were more distant from the majority of COI haplotypes shown in haplotype networks (Fig. 1 ).
Partial sequences of nuclear EF-1α gene EF-1α alignment statistics
The analyzed region of EF-1α consisted of two parts of three exons and two introns, which were not removed before the further analysis. The alignment of this fragment contained 506 sites, 40 out of them were variable, 37 parsimony informative. Average nucleotide composition: T -31.1%, C -17.7%, A -30.4%, G -20.7%. The overall transition/transversion bias was R = 25.63. The range of the intraspecific pairwise sample divergences (K2P model) was 0.00-0.40% (average 0.10%) for R. padi and 0.00-0.60% (average 0.13%) for R. nymphaeae, whilst interspecific pairwise sample di- vergences between these two species ranged from 7.13-8.03% (average 7.41%).
R. padi EF-1α haplotypes and their geographic origin
Out of 20 available partial EF-1α sequences of R. padi, four haplotypes were identified (Tables 1, 2 , 4, Fig. 4) . Most of the samples (n = 15) collected in Lithuania (n = 11), Estonia (n = 1) and Latvia (n = 3) had the same EF-1α haplotype (No. 1). EF-1α haplotype No. 2 is represented by single sample from Lithuania (n = 1). EF-1α haplotype No. 3 was detected in samples from Lithuania (n = 1) and Latvia (n = 1). Sequences from GenBank from Korea (n = 1) and New Zealand (n = 1) constituted a separate EF-1α haplotype No. 4 (Tables  1, 2 , 4, Fig. 4 ).
R. padi EF-1α haplotypes and host plants
The most abundant EF-1α haplotype No. 1 was detected in R. padi samples both from Prunus sp. (n = 7) and cultivated cereals (n = 8). Samples representing EF-1α haplotypes No. 2 (n = 1) and No. 3 (n = 2) were collected from P. padus. One of the samples of EF-1α haplotype No. 4 was also collected from Prunus sp., while another one -from Hordeum vulgare.
R. nymphaeae EF-1α haplotypes and their geographic origin Out of 17 available partial EF-1α sequences of R. nymphaeae, four haplotypes were identified (Tables 1, 2 , 4, Fig. 4) . Most of the samples (n = 12) from Lithuania (n = 10) and Turkey (n = 2) had EF-1α haplotype No. 1. EF-1α haplotype No. 2 is represented by single sample from Ukraine. EF-1α haplotype No. 3 was detected in samples from Lithuania (n = 2) and Poland (n = 1). The only partial EF-1α sequence available from GenBank represents the sample from Korea and constitutes a unique haplotype (No. 4).
R. nymphaeae haplotypes and host plants
Samples representing EF-1α haplotypes Nos 1-3 were collected from winter hosts belonging to the genus Prunus. The only sample from summer host Nelumbo nucifera is the representative of EF-1α haplotype No. 4.
EF-1α phylogenetic trees
The maximum parsimony (MP) analysis of partial EF-1α sequences resulted in 610 equally parsimonious trees (length = 77, CI = 0.97, RI = 0.99). ML tree (T92 model) showed similar topology, the same as NJ analysis (K2P distances) and BI (GTR+G) analyses. NJ, MP and ML bootstrap values over 50% together with BI posterior probabilities over 0.50 are given at respective nodes of the same tree in Fig. 5 . Two R. padi sequences from Latvia and Lithuania, both from Prunus, formed a separate cluster in phylogenetic trees constructed by different methods. Another separate cluster was formed by two R. padi samples from Korea (Hordeum) and New Zealand (Prunus).
Discussion
Out of 44 partial COI sequences of R. padi analysed in this study, 10 COI haplotypes were detected. Only one, No. 5, was predominant (n = 25), three of them, Nos 2, 4, 6, were represented by 3-5 sequences, while remaining six COI haplotypes were unique ( Tables 2, 3) , and two unique haplotypes No. 9 and 10. The intraspecific pairwise divergences for samples from the Eastern Baltic region ranged from 0.00-1.15% (average 0.16%). The analysis of barcoding DNA region of Aphididae based on the global data set showed that intraspecific pairwise sample divergences of R. padi ranged from 0.00 to 1.55%, being 0.65% at average . Our study revealed similar average intraspecific pairwise R. padi sample divergence (0.61%), although the range was larger: 0.00-2.49%. Generally, based on the global data set (Foottit et al. 2008; Lee et al. 2011) , the average genetic divergence of COI barcode sequences within aphid species was reported to be 0.05% (range 0.00-1.00%). Such a low values of divergence are explainable by modest numbers of sequences used by the above reported analyses. Namely, Foottit et al. (2008) exploited three, whilst Lee et al. (2011) eight sequences of R. padi when compared to 44 used in our study. Out of 20 partial COI sequences of R. nymphaeae, six COI haplotypes were identified. One of them, No. 3, was predominant and consisted of 13 sequences (Fig. 2 , Table 3 ), available from Lithuania, Ukraine and Turkey (Tables 1-3 , Fig. 2 ). Haplotype No. 1 was represented by 3 sequences, while remaining four COI haplotypes were unique. The range of the intraspecific pairwise sample divergences of R. nymphaeae in our analysis was lower when compared to R. padi. Pairwise sample divergences ranged from 0.00 to 1.31% for sequences from GenBank and from 0.00 to 0.49% for original sequences from this study. The clusters of phylogenetic tree containing R. padi COI haplotypes Nos 4 and 6 supported the hypothesis that there could be one more Rhopalosiphum species closely related to R. padi (van Emden & Harrington 2007) . Pairwise sample divergences between haplotypes No. 4 and 6 and remaining sequences of eight haplotypes of R. padi ranged from 1.65 to 2.49% (average 1.92%) and 1.15 to 1.98% (average 1.45%), respectively. The divergence between these two haplotypes was 0.49%. The present study revealed that partial COI sequence of R. rufiabdominale (GenBank accession No. KC286718) is attributable to R. nymphaeae, both in COI haplotype network and phylogenetic tree (Tables 2, 3, Fig. 3 ). The partial COI sequence of Rhopalosiphum sp. T SB-2013 (GenBank accession No. KC008073) is attributable to R. padi (Tables 2,  3, Fig. 3 ). These mismatches and uncertainties could be explained by the lack of reliable morphological characters for identification.
Out of 20 partial EF-1α sequences of R. padi, four haplotypes were identified. One of them, No. 1, was predominant (n = 15), remaining haplotypes were represented by one (No. 2) or two sequences (Nos 3 and 4). The range of the intraspecific pairwise EF-1α sample divergences (K2P model) of R. padi in our analysis was 0.00-0.40% (average 0.10%). Noticeably, the most common EF-1α haplotype of Eastern Baltic region was sampled both from winter and summer hosts, whilst other two regional haplotypes were from winter hosts only. The same concerns COI haplotype distribution (see above). This is explainable by predominantly holocyclic mode of reproduction of the regional populations of R. padi, because identical COI and EF-1α haplotypes were found both on winter and summer host plants. Contrary, in Northern France, where anholocyclic and holocyclic lineages of R. padi coexist, two genetically distinct entities among sampled populations corresponding with different reproduction modes were reported (Halkett et al. 2005; Gilabert et al. 2009; Nespolo et al. 2009 ) despite the gene exchange (although limited) between them (Halkett at al. 2008 ).
Concluding remarks
R. padi and R. nymphaeae showed low variation both in their partial sequences of mitochondrial COI and nuclear EF-1α fragments analysed. After having compared COI and EF-1α haplotype variation in Lithuania and surrounding region, one might assume the predominantly holocyclic mode of reproduction of the Eastern Baltic populations of R. padi.
